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EFFECTSOF SOMESOLUTION~S FOLLOWEDBYANAGINGTNWBWNT

ONTHELIFEOF SMALLCASTGAS-TURBINEBLADESOFA

CO13JUJT-CH1301flIJM-RASEALLOY

II-EIWIZCTOFSEHCTIDCOMHXATIONSOFSOAKINGTM,

TmlPERATuRE,ANDCOOLINGRATE

ByC.A.HoffmanandC.F.Robards

SUMMARY

An investigationwasconductedto determinetheeffectsofvarious
heattreatmentsonthemicrostructureandthelifeof smallcastturbine
bladesofHaynesStellitealloy21,a cobalt-chromium-basealloy.Six
heattreatments,whichinvolvedcombinationsofthefollowingconditions,

werestudied:soakingat 210000r2250°F for1 or%Ahoursfollowedby
aircoolingtoroomtemperatureorfurnacecoolingto 1800”F andair
coolingto room&mperature.Thesetreatmentswerefollowedineachcase
by agingat1500 F for72hours.

Twentybladestakenfromeachofthesixheat-treatedgroups
togetherwith22as-castbladeswereassembledina smallgasturbine,
whichwasdrivenby hotgas. At theblademidspan,thetemperaturewas
1500°F andthestresswas20,000poundspersquareinch.

Amarked@rov@nentinbladelifecouldbeassociatedwith
a lamellarmicrostructureproducedby soakingat 2250°F for1 or

l+hoursfolMwedbyslowfurnacecoolingto 1800°F. The-bestperform-
inggrouphada firstfailuretimeof103.6hours,a meanlifeof
150.8hours,anda finalfailuretimeof197.4hourscomparedwith33.3,
78.0,and114.1hours,respectively,fortheas-castbladegroup.

JllTRODUCTION

Thethe to overhaulofgas-turbineenginesdependslargelyon
bladelife.Hence,improvementinbladelifei?desirable.Theaging
ofHaynesStellitealloy21 (acobalt-chromium-basealloy)bladesfor

.
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2 NACATN 251.3

4Shoursat1500°F hasbeenfoundto improvemean,life(reference1).
Solutiontreatmentofthisalloyat2100°,2250°,or23500F for1/2hour
followedbyeitherairorfurnacecoolinganda 4S-hourageat 1500°F
hprovedblademeanlifewithouta significantchangeinunifonnityas
measuredlythestandarddeviation(reference2). NN

TheresearchdescribedhereinwasconductedattheNACALewislabora-
toryandisan etiensionoftheinvestigationdescribedinreference2.
Theeffectofincreasedsoaldngtimeat 2100°and2250°F followedby
&itherairor-furnacecoolingandby increasedagingtimeat1500°F upon
meanlife~d uniformityof smalJ_castgas-turbinebladesofHaynes
StelJ_itealloy21wasstudiedinthepresentinvestigation.Theblades
wereoperatedina smallgasturbineata stressofapproxbnatel.y
20,0~poundspersqusreinchanda temperatureofa~roximately1500°F
attheblademidspan.Metallographicexaminationsweremadeto determine
theeffectofmicrostructureonbladeoperation.Statisticalanalysis
wasappliedtotheobservedttis offailure.

APPARATUSANDPROCEDURE
Thebladesusedinthisinvestigationwereofthefollowingnominal

composition(reference3):

c Mn s Cr— —
0.20-0.351.00max. 1.00max. 25.00-29.00

Ni Mo Fe co— — — —
1.75-3.755.00-6.002.00max. 56.90-68.05

Beforebeingmountedintheturbinewheel,,allbladeswereradio-
grapherforinternalflawsandfisuallyexsminedforexternalflaws.
Theshroudsofthebladesweregroundtoa widthof0.270inch,a length
of0.450inch,anda thicknessof0.070inchinorderto eliminateshroud
weightasa variableandtoproducea uniformcentrifugalstressof
20,000poundspersquareinchatthemidpointofthebladesatoperating
speed.All-bladesexceptanas-castcontrolgroupwereheat-treatedas
describedintsbleI. !!?ypicalbladesareshowninfigure1>

Inorderto expeditetheheat-treatingoftheturbineblades,two
electricfurnaceswereused,onehavinganatmosphereproducedby the
ccmibustionofnaturalgasandtheotheranatmosphereofinertgas.
Bladesofgroups5 and6 weretreatedinthecmbustednatural-gas-
atznospherefurnace.Theremaininggroupswereheat-treatedintheinert
atmospherefurnaceandaQ bladeswerethenagedinthefurnacehaving
theinert-gasatmosphere.

A gasturbinesuppliedwithhotgasesfroma turbosetcombustion
chauiberwasusedinevaluatingtheperformanceoftheturbineblades.

—... .— —
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Theturbineoperatingtemperaturewas
measuredgastemperatureintheinlet

indicatedby a
duct12 inches

3

thermocouplethat
upstreamofthe

turbineinlet.Thisapparatusisdescribedinreferences1 and4.

Theturbinewheelhada totaldiameterof12.5inchesandcontained
142blades.Allthebladesusedinthisprogramwereinstalledinthe
wheelatthestartoftheinvestigation.Thewheelwasdynamically
balancedpriorto initialoperation,andthereafter,asnecessary.

Thebladeevaluationwasconductedinthefollqwingmanner:
Combustionairwassuppliedtotheturbineandthewheelwasmotoredat
approximately&Ml rpmfor5 minutes.Combustionwasinitiatedandthe
wheelbroughtto operatingconditions,a shaftspeedof22,50QE.200rpmand
anindicatedinletgastemperatureof16!X&15°F. At theseconditions,
achievedinapproximately3 minutes,thebladetqeraturewasestimated
frcmpreviousoperatingexperiencetobe 1500°F. Operatingtimewas
measuredfromthebeginningtotheterminationofconibustion.Uponfailure
ofa blade,indicatedby a changeinthepitchof soundemittedfromthe
unit,combustionwasimmediatelyterminatedandtheairflowreducedtoa
valuesuchthatthewheelmotoredat 60C0rpm. &xLsairflowwasmain-
tainedfor10minutesinorderto cooltheassembly.Shutdownswere
effectedas quicklyaspossibletominimizetheeffectsofvibration
causedby wheelunbalance.Theturbinewheelwasremovedandthefailed
blade,orblades,replacedby as-castblades.Severelycrackedblades
wereconsideredfailuresinordertominimizeshutdownsandtofacilitate
operation.Bladefragments,whenthrownfromthewheel,becameinibeddedin
asbestospackingandwerethuspreservedanddidnotricochetto damage
remainingblades.

Thefollowingbladesfromeachgroupwereselectedandpreparedfor
metallographicexmnination:(a)a bladethathadnotbeenoperated,
(b)a bladethatfailedrelativelyearly,(c)a bladethatfailednqar
themeanlifeofthegroup,and(d)a bladethatfailedaftercomparatively
longoperation.Thesebladespecimenswereelectrolfiicsllyetchedina
solutionof10-percentnitricacidplus10-percentethyleneglycolin
ethylalcohol.5e service-failedbladesweresectionedlongitudinally,
whereasthenonoperatedbladesweresectionedtransverselyattheblade
midspan.

Theservicefailedbladesremainingfromeachgroupaftermetallo-
graphicspecimenshadbeenpreparedweremeasuredforhardness.Five
Rockwell-Ahardnessmeasurementsweremadeon eachblade.Thescaleon
thesebladeswasnotremovedpriortotakingthemeasurements.Hardness
measurementsweremadeontwononoperatedbladesfromeachgroup.

Inorderto determinewhetherthebladesofgroups5 and6 were
carburizedordecarburizedby theconimstednatural-gasatmosphere,alloy
specimensgiventhesanetreatmentappliedtobladesofgroup5 were
usedfora determinationof surfacecarboncontent.Fivesuccessive

.
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speciinenswereusedsothatcorresponding
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eachspecimen.A nmiberof .,
layerscouldbe combinedto

yielda sufficientlylargesmountofmaterial
determination.

Thestatisticalprocedures,presentedin
to determinethesignificanceoftheobserved

to giveanaccuratecarbon

theappendix,wereemployed
differencesbetween

livesoftheas-castbladesandofthevsriousheat-treatedblade

RESULTSANDDISCUSSION

ThetimeoffailurefortheindividualWl_adesineachofthe

the N
groups. s

dkf-
ferentgroupsispresentedintableII. Themeanlifeandstandard
deviationarealsogiveninthistable.Thefailuretimeforthe
individual%ladesofeachgroupandthecorrespondingtheoretical
cumulative-frequencydistribution(assumingnormaldistributionsof
bladefailures)arepresentedinfigure2. Thetheoreticalcumul_ative-
frequency-distributioncurvesarepresentedforcomparisoninfigure3.

Theheattreatmentapjliedtogroup5 producedthegreatestincrease
inlifeoverthatoftheas-castbladegroupas shownintableIIand
figure3.
comparison

Thenatureofthis@rovementisapparentfromthefollowing
takenfromtableII:

As cast Group5

Firstfailuretime(hr) 33.3 103.6

Meanlife(hr) 78.0 150.8

Lastfailuretime(hr) I 114.1I 197.4 ‘

Thefirstfailuretimeandtheblademeanlifeof~oup 6 werealso
a~reciabl.yincreasedovertheas-castbladesalthoughnotasmuchas
thatofgroup5. Inbothcases,soakingat 2250°F wasfollowedby
coolingina furnaceto 1800°F andthenby agingjanatmosphereproduced
by conibustionofnaturalgaseswasused.

A statisticaltestofthejointequalityofthemeanandstandard
deviationwasmadeto compareeachoftheheat-treatedgroupstothe
as-castgroup.Fromthistest,itwasconcludedthatthebladesof
~oups1 and2 arenotdifferentfromtheas-castgroupwithrespectto
meanlifeanduniformity,whereas,thoseoftheremaininggroups(3,4, .
5,and6)differfromtheas-castbladeswithrespectto eitheroneor
bothoftheseparameters.Forthesefourgroups,a statisticalanalysis
wasmadeoftheobserveddifferencesinmeanlivesandin standard
deviationsas canparedwiththeas-castgroup.
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Analysisoftheobserveddifferencesinmeanlivesbetweengroups5
and6 andtheas-caatgrouprevealsthatthesedifferencesarevery
significantresultingintheconclusionthattreatmentsappliedto
groups5 and6 causedan increaseinmeanlifej no significancecanbe
attachedto theobserveddifferencesinmeanlives’ofgroups3 and4
comparedtothatoftheas-castgroup.

Theanalysisofthe-standarddeviationofindividualbladelivesof
group5 revealsno significantdifferencefromthatoftheas-cast%lades.
Inthecaseofthebladesofwoups3 and4,thedifferencebetweentheir
respectivestandarddeviationsandthatoftheas-castbladegroupis
verysignificant.Inthecaseofgroup6 andtheas-castgroup,thedif-
ferencein standarddeviationsis significant.Thus,theuniformitiesof
groups3,4,arid6 areconsideredtobe reduced.Theresultsofthe
statisticalstudyaresummarizedintableIII.

Thetheoreticalindices(seeappendix)ofinitial(first)failure
are18.3hoursfortheas-castbladesand14.2,8.3,-38.7>-77.9)65.6>
and20.5hoursforgroups1 to 6,respectively,(tableII). A negative
index,forpracticalpurposes,isinterpretedaspossiblefailure
immediatelyon commencementofoperation.Thisanalysisindicatesthat
thetreatmentsofgroups5 and6 have@roved thetimeto initfalfailure.

Photomicrographsofthestructureofa bladefromeachgroupbefore
operationareshowninfigure4. A typicalas-castbladestructureis
showninfigure4(a).A smallamountoflsmellarstructureadjacentto
thegrainboundarieswasobserved.Structuresofbladesthatweresoaked

at 2100°F for1 and1$hours,respectively,aircooled,andthenaged
at 1500°F for72hoursareshowninfigures4(b)and4(c).These
structuresshowevidenceof considerableagingandcontainnumerous

precipitates.Structuresofbladessoakedat 2250°F for1 andl+hours,

respectively,air-cooled,andagedat1500°F for72hoursareshownin
figures4(d)and4(e).Theas-castdendriticstructureisreducedin

.
sizeandextentby thel~hourtreatmentcomparedwiththel-hourtreat-

ment. Microstructureofbladessoakedat 2250°F for1 hourandfor

$ hoursfollowedbyfurnacecoolingfor~ hoursto 1800°F, aircooling

and”agingat 1500°F for72hoursareshotiinfigure4(f)and4(g)j
respectively.An unusuallylargesmountoflamellaxstructureispresent
intheseblades(fig.4(h)).Therewasno evidenceofagingprecipitate
inthematrixofthesespecimens.Therewasnoconclusivemetallograpbic
evidencethatexplainedthevariationinbladelifewithinanyofthe
groups.

Examinationofthefracturedbladesrevealedthatfailureforall
bladesexceptthoseofgroups5 and6 wasinitiatedby intergranular
failurewithensuingtranscrystallinefailure.Therewasindication
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that,inthecaseofgroups5 and6,failuremayhavebeeninitiatedby
transcrystalLinefracture.

A plotshowingthevariationofbladehardnesswithturbineoperat-
ingttieforbladesof eachgroupispresentedinfigure5. Theblades
ofgroups1 and2 firsthardeneddiningoperationandthendecreasedin
hardness.Bladesofgroups3,4, 5,and6 exhibitedno changeinhardness
withturbineoperatingtime.

Theoutstandingperformanceofthebladesofgroups5 and6 maybe
associatedwiththepresenceofthelamellarstructure.Theatmosphere
usedinheat-treatingthesebladeswasfoundtobe decarburizingrather
thanneutral;thismaybe notedfrumtableIV,whichpresentstherelation
betweendepthandcarboncontentforspecimensgiventhesametreatment
(includingalanosphere)thatwasappliedtobl.a@sofgroup6. Because
bladefailureisapparentlyinitiatedby surfacecracking,anything
affectingthesurfacemayaffectbladelife.Thestress-to-rupturelife
ofthisalloyat1500°F and30,000poundspersquareinchincreasesas
thecarboncontentincreases(ref~ence5). Hence,theatmosphereeffects
aloneprobablycouldnotbe expectedto hprovebladelifeandthelamellar
structuremaythereforebe considereda contributingfactorinincreasing
bladelife.

Thebladesofgroups1 and2 overagedduringoperation(fig.5).
Eence,overagingmaybe a factorcontributingtothecomparativelypoor
performanceofbladesofthesegroups.A shorteragingtimeat1500°F
mayberequiredwiththissoakingtemperature.

Theresultsofthisinvestigationandthoseofreferences1 and2
suggesta morecomprehensivestudyoftheassociationofheat-treating
parsmetera withbladestructureandwithblade

..

ThefolJowing
effectsof several

~ OFRESULTS

resultswereobtainedinan
heattreatmentsonboththe

Idfe.

investigationofthe
lifeandthestructureof

smallcastHaynesStelUtealloy21gas-turbineblades:

1. Theheattreatmentthatproducedthebestresultconsistedin
soakingat 2253°F for1 hour,folJ_owedby furnacecoolingto 1800°F in

+ hours,aircoolingtoroomt~erature,andsubsequentagingatlS)OOF
for72hours.Thesecondbestperforminggrouphadthesameheattreatment

exceptfora soakingperiodof+ hours.

2. Thebestperforminggrouphada firstfailuretimeof103.6hours,
a meanlifeof150.8hours,anda finalfailuretimeof197.4hourscompared
with33.3,78.0,and1.14.1hours,respectively,fortheas-castgrOUP.
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3. Largequantitiesoflamellarstructurewereformedintheblades
ofthetwobestperforminggroups.

4. Therewasindicationthatbladesofthetwobestgroupsfailed
ina transcrystallinemanner,whereas,failureintheotherbladeswas
initiatedby intergranularfailurewithensuingtranscrystallhefailures.

5. Bladessoakedat 2100°F foreither1 or1*hours,air-cooled,
andagedat 1500°F for72hoursoveragedduringoperation.Bladesof
theremaininggroupsshowedno changeofhardnesswithoperatingtime.

COI!K!LUSIONS
Theinvestigationoftheeffectsof severalheattreatmentsonboth

thelifeandthestructureof smallcastHaynesStellitealloy21blades
ledtothefollowingconclusions:

1. Solutiontreatment,slowcoolin&andmibsequentagingofHaynes
Stellitealloy21producea l-smell=structurethatappearstohavea
markedimprovementonthelifeofbladesofthisalloy.

2. Heat-treatmentcyclesreportedhereinwereeffectivein~roducing
lamellarstructuresinthebladesstudied;however,bladesofdifferent
sizeandhistorymayrequirea modificationintheheat-treatingconditions
to obtainthelamell.arstructure.

NationalAdvisoryCanmitteeforAeronautics
LewisFlightPropulsionLaboratory

Cleveland,OhiojJuly9,~51
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AIYENmx- E?rATIsTIcALPROCEDURES

Inorderto determinewhetherdifferencesin samplevaluesofmean
andstandsrddeviationaresignificantortheresultof chance,cognizance
mustbe takenoftheinherentvariabilityofthestatisticsassociated
withcomparativelysmallsamples.A ssmpleisdefinedasa groupcontain-
inga finitenuriberofitems.By useof statisticaltechniques,theprob-
abilitythatdifferencesin statisticsaredueto chancecanbe computed;
hencethesignti?icanceoftheobseneddifferencescanbe evaluated.

Themean
respectively:

and

where .

andthestandarddeviationsofa bladesampleare,

1
N

N totalnumberofbladesin sample

z meanlifeforsample,hours

‘i individualbladelife,hours

a stan~d deviationofbladelifein ssmple,hours

Thefollowingtest(reference6,p. 414)maybe usedto determine
whetherthereisa differencebetweentwopopulations;thatis,whether
eitherorboththemeanandstandarddeviation

where

2
‘O =

N1U12+ N2U22

N1+ N2
+

‘1N2

(N1+N2)2

havechanged

-.-. _—.__. . ——— ———. ——c— — --
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and

9

.

is
N
N

N1 numberof itemsinfirstssmple

‘2 numberofitemsin secondsample

21 meanoffirstsample

% meanof secondsample

AH measureofprobabilityofMf’ferencebetweenpopulations

‘o combinedestimateof standarddeviation

‘1 standarddetiationoffirstsample.

U2 standarddeviationof secondsample

Theinterpretationofthevalueof ~ maybe obtainedfrom
table48ofreference6 (p.408). ‘

r

Thefollowingequation(reference6)maybeutilizedto determine
whetherthedifferencebetweentwosamplestandarddeviationsis
significant:

\‘!
,#N1/(Nl-1)

F “ U2%2/(N@)
.

F measureofprobabilityofdifferencebetweenssmplestanwd
deviations

Theinterpretationofthevalueof F maybe obtainedfromtableIX
reference6 (p.476).

Thefollowingequationmaybe usedto determinewhetherobserved
differencesbetweensamplemeansaresignificant:

t

where

t measureofprobabilityofdifferencebetweensamplemeans
d
u

v
Nunbiasedesthat~of standarddeviationofpopulation,u —
N-1

u

‘1 unbiasedestimateof standarddeviationofpopulationfromwhich
firstsamplewasdrawn

.

——..—-.——. .—.—. —.— ..— — .—— —— .— —— . . — . —
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if2 tiiasedesthnateof standarddeviationofpopulationfromwhich
.

secondssmplewasdrawn

Theinterpretationofthevalueof t maybe obtainedfromtableVII
ofreference6 (p.474). NN

Itwasassumedthatthedistributionofbladefailme:isnormal. , a
Thisassumptiongenerallyhasnoeffectupontheconclusionrel~tiveto
thesignMicanceofobserveddifferencesinmeanvalues..

An indicationoranindexofthettieto initialfailureyielded
by eachoftheheattreatmentscanheobtainedbyestimatingfromthe
groupstatistics,themeanlife,andthestandarddeviationofan
infinitenumberofblades(population)treatedinthesamemanner,and
by usingthelower3 standard-deviationlimitasthepracticallower
boundary. Thepopulationesttitedstandarddeviationisdenotedby~
andisdefinedelsewhereintheappendix.Thelower3 staudard-deviation
limitis commonlyusedto definethelowerlimitofa population.Theo-
retically,0.13percentofthebladestillHe belowthislimit.

1. Hoffman,CharlesA.,andYaker,Charles:EffectsofanAgingTreat-
mentonLUe ofSmallCastVitalMumGas-TurbineBlades.N.ACATN
2052,1950.

2. Yaker,C.,andHof@anjC.A.: EffectsofSomeSolutionTreatments
Followedby~ AgingTreatmentontheLifeofSmallCastGas-Turbine
Bladesofa Cobalt-Chromium-EaseAlloy.I - EffectofSolution-
TreatingTemperature.NACATN 232o,1951.

3. Anon.:AlloyCastingsjTrecisionInvestment,CorrosionandHeat
Resistant.AILS5385,FAE,Sept.1,1947.

4. Hoffman,CharlesA.,andAult,.G.Mervin:’Applicationof Statistical
Methodsto StudyofGas-TurbineBladeFailures.NACATN 1603,1948.

5. Grant,NicholasJ.: ThestressRuptureandCreepPropertiesofHeat
ResistantGasTurbineAlloys.Trans.A.S.M.,VO1.39}1947>PP.281-
334.

6. Smith,JamesG.,andDuncan,AchesonJ.: SamplingStatisticsand
Applications.McGraw-HifiBookCo.,Inc.,1945. .
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TREATMEIvTsaT&81XI - BLADEHEAT

~oakingtreatmentI - Coolingprocedure Furnace

l%mperature
(OF) k atmosphere

,

,

2100 Inertb‘

Inertb

1

2

3

4 Aircooled

1 Aircooled

1; Aircooled

1 Furnacecooledto1800°ir

6;hr,thehaircooledto
roomtemperature

& Furnace,cooledto18000il

6~-hr,.thenaircooledto
roomtemperature

2100

Inertb2250

Inertb4 2250

5 2250 Conibustednatural
gasc

Contmstednatur@6

aAllgroupssubsequentlyagedfor72hr at.1500°F @ neutial
atmosphere.

bInertatmospherewaseither&gon orheliumdependingupm
availability.

cAdjustedtobe neutralor slightlyreducing..

,.

.,.

.. .. . . .. . .—___ ______ ____ __ ______ _____ -_ _ ___ ___ ___ _
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TABLEII - DATAFORHAYN13SSTEIL~ ALLOY21BLADES

Timetofsilure(hr)

As-castGroup1 Group2 Group3 Group4 Group5 Group6

33.3 47.0 36.3 16.5 L6.5 103.6 75.2
56.2 54.9 41.1 24.0 37.2 U4.1 76.2
58.6 58.6 45.5 44.6 44.2 123.2 78.5
58.6 60.2 49.0 46.7 44.6 129.8 83.6
58.6 61.7 51.6 47.9 46.1 130.7 86.7
63.0 62.9 53.3 50.8 49.9 131.2 86.7
69.9 66.8 56.9 54.2 59.6 132.3 106.5
72.0 68.8 58.6 69.8 60.4 132.6 107.4
72.0 70.9 60.4 71.6 61.8 135.6 107.4
75.2 74.0 61.7 72.1 68.6 141.5 110.6
77.0 74.4 66.7 73.2 76.2 148.7 114.1
78.5 82.8 66.7 74.4 83.6 150.5 123.2
78.5 83.6 67.4 74.8 86.7 153.6 130.7
83.4 83.6 68.7 75.9 98.7 165:6 133.2
83.6 83.9 68.8 85.4 107.4 169.6 135.6
83.6 92.0 70.3 96.6 128.4 180.6 136.7
89.9 94.6 71.6 104.9 159.4 189.4 140.0
89.9 98.7 78.5 106.5 184.3 190.2 159.4
94.6 123.2 85.4 140.0 195.8 196.8 180.6
112.6 131.2 123.2 181.5 209.6 197.4 181.5
S12.6
33.4.1

Nuniberofbladesingroup
22 20 I 20 I 20 I 20 20 20

Meanlife(br)
78.0I 78.7 64.1I 75.6 91.0I150.8 117.7

Standarddeviation(hr)
19.4 21.0 18.1 37.1 54.9 27.7 31.6

Unbiasedestimateofpopulationstandarddetiation
19.9I 21.5 I 18.6 I 38.1I 56.3I 28.4 I 32.4

Theoreticalindexoffirstfailure(hr)
18.3 14.2 8.3 -38.7 -77.9 65.6 20.5

N
40

.

—_ .—_ ..——— .— .———..——.—. ——— ———
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TABLEIII- SIGN31?ICANC!E

OFHl?M!l

[

1

2

3

4

5

6

Unaffected

Unaffected

Affected%

Affectedb

Affectedb.

Affectedb

13

OFOBSERVEDEFFECTS

TREmmNTS

Meanlife Standarddeviation
(Uniformity)

,

Unaffect
4

Reducedb

Unaffecte
4

Reducedb

Improvedb Unaffected

Improvedb Reduceda

%@ degreeofassurancethatchamehastaken~lace.
0.05levelofsignificance. -

.

bVeryhighdegreeof
place,0.01level

assurancethatchangehastaken
of significance.

TABLEIv- REIATIONOFDEFTHTO

CARBONCON’T&NTFORSPECIMENS

,

HAvm?GsAMETREmmNT

Depth
(in.)

0.001

,.002

.003

.004

.005
1

larboncontent
(percent)

0.13

.18

.25

.30

.32

.

-——— ___ ..— -—...—— _ —.——
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(a) As cast.

(c)Group2: l+hoursat
aircooled;aged.

(b)Group 1: 1 hourat 2100° F;
* cooled;aged.

211X10F; (d)Group3: 1 hourat 2250°F;
aircooled;aged.

=S=
C-28213

m.g-ure4. - As-eastandsolution-treatedandagedbladestructuresbefOZW o~emtion.
Etohmt,10-~centnitrloacidandlo-~oent ethyleneglyoolInethylalcohol.
(Photographsat‘X75tmleasotherwisenotel.)
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(e)Group4: # hoursat2250°F;

air cmled,aged.

(d

Figwa

Group6: 1$hoursat 2250°F;
furnace cooledto IMM” F in
~ hours;airCOOhd; aged.

(f)Group5: 1 hourat 2250°F;Furnace

cmled to 18(X)0F in$ hours;air

ccde&, aged. .

,,

(h)k?m~ StZ’UOt= found h bkdeS “f
wows 5 and.6 (X75O).

x

4.- Conoluded.As-castandsolutim-lmaatedandagedblades+muoturesbdOZW
operaticm.Wchmt, 10-prcentni+micacidandlo-percentethyleneglyoolinethyl
aloohol.(PhotographsatX75mless otherwisenoted.)
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(o) Group 3; 1 hour ::8d’500 F; air cooled; (f) @?OW 6; 1* hours at 2250° F; furnaoe cooled

to 1800° F in 6* hour6j air oooled; aged.
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Fi~ 5. - Variation of blade hardneas with turbine operating time. Each point represents average of
five maam.uwmenta.


